Abstract …once the development was ended, the founts of growth and regeneration of the axons and dendrites dried up irrevocably.
Guidance Molecules Define Connectivity During Development and are Active After Spinal Cord Injury
The exquisite complexity of connections between the billions of neurons of the human central nervous system (CNS) is orchestrated by a series of molecular cues that dictate the initiation, trajectory, and connectivity of each individual axon. These guidance molecules mediate attraction and repulsion, through direct cellular interactions and long-distance diffusion, all of which results in fasciculation, turning, and eventual target innervation [1] . Expression of these cues changes throughout development as the nervous system begins to take shape. If the failure to regenerate after spinal cord injury (SCI) is due, in part, to the lack of appropriate guidance [2] , utilizing the original developmental pathways to mediate reconnectivity is an intellectually appealing approach. This concept is buttressed by the success of fetal neural cell grafts in integrating with the damaged adult CNS. Not only do these developmentally naïve neurons grow axons extensively throughout the adult nervous system, they also provide a growth permissive target for regeneration of injured adult axons [3] [4] [5] . This suggests that molecular cues present in the embryonic grafts are sufficient for promoting regeneration of axons in the adult spinal cord.
An abundance of guidance molecules are now known to mediate neural circuit assembly during development [1] . However, much less is known about the actions of these molecules in the adult CNS. Several members of the canonical guidance molecule families, including netrins, slits, semaphorins, and ephrins, are expressed throughout adulthood in the brain and spinal cord, where their roles in processes such as ongoing neurogenesis and synapse refinement are only beginning to be illuminated [6] [7] [8] [9] [10] . Furthermore, members of nearly all classes of guidance molecules yet described have been put forward as responding to or governing aspects of the CNS injury response [10] . As in development, guidance molecules are involved in not only the axonal response, but have also been shown to affect the response of glia, vasculature, and the immune system after injury [10] [11] [12] . Netrins and slits have been found to be upregulated following SCI; however, the functional effects of netrin and slit modulation have not yet been demonstrated [13, 14] . Members of the ephrin, semaphorin, and Wnt families govern aspects of ascending sensory and descending motor pathway guidance, are reexpressed after SCI, and have been proposed to inhibit neural circuit plasticity and functional recovery after SCI [10] . While most classes of guidance molecules can act bimodally, mediating attraction or repulsion dependent upon downstream signaling mechanisms, after injury the response of injured axons to ephrins, semaphorins, and Wnts has been largely one of repulsion [10] . Successful regeneration of spinal tracts may require modulation of guidance molecule signaling after injury by either inhibiting the repulsive response or switching it towards attraction. This review will focus on how guidance molecules affect injured spinal cord circuits and the functional consequences of manipulating these signaling pathways.
SCI and Scarring
The initial result of SCI is the interruption of ascending and descending circuits, the death of proximal neurons and glia, and an immediate loss of function [15] . Following SCI, the lesion is rapidly invaded by neutrophils, macrophages, and microglia [16, 17] , leading to inflammatory cascades that cause secondary degeneration of glia and axons, cystic cavitation, and the eventual establishment of a glial scar [16, 17] . The scar is composed of the surrounding reactive astroglial matrix, chondroitin sulfate proteoglycan (CSPG) deposition, oligodendrocyte precursor cells expressing the CSPG NG2, and a fibrotic core [17, 18] . Astrocytes within the reactive astroglial matrix secrete several growth-restrictive CSPGs [17, 19] ; however, regenerating spinal cord axons are frequently associated with astroglial protrusions within the glial scar [20, 21] . In co-culture experiments, primary sensory neurons will preferentially extend neurites on astrocyte monolayers and actively avoid meningeal fibroblasts [22, 23] , suggesting that the fibrotic core of the scar is a greater barrier to regeneration than the astroglial matrix. In vivo, leptomeningeal fibroblast infiltration results in a significant barrier, preventing re-entry of regenerated sensory axons from a grafted scaffold to the host spinal cord [24] . The scar also serves as a source of repulsive guidance molecules, with astrocyte production of ephrinB2 and fibroblast secretion of class 3 semaphorins [11, 25, 26] .
Semaphorins
Vertebrate semaphorins fall into 5 classes: class 3 semaphorins (Sema3) are secreted and signal through a neuropilin/plexin complex, while classes 4-7 (Sema4-7) are membrane associated and can bind plexin receptors directly, as can secreted Sema3E [27, 28] . Semaphorins generally act as repulsive guidance molecules, though they can also mediate attraction, depending upon the receptor complex activated, which, in turn, can be neuronal subtype specific or timing dependent [29] . In the developing spinal cord, various semaphorins dictate the projections of distinct neural populations. Semaphorins prevent inappropriate monosynaptic connections between primary sensory neurons of the peripheral nervous system (PNS) and motor neurons in the spinal cord [30] , and control projections at the CNS-PNS interface (Fig. 1 ) [27] . Large-diameter proprioceptive neurons that form the fibers of the ascending dorsal funiculus are prevented from aberrantly infiltrating the dorsal horn termination zone of cutaneous afferents by transmembrane semaphorin (Sema6C and Sema6D) signaling through PlexinA1 [31] .
The activity of semaphorins in preventing aberrant circuit development through repulsive signaling is of concern as expression of class 3-secreted Semaphorins, including Sema3A, is induced in meningeal fibroblasts after SCI (Fig. 1) [25, 26] . Throughout development and into adulthood, dorsal root ganglia sensory neurons express the secreted Semaphorin coreceptor neuropilin-1 [32, 33] . As such, both embryonic and adult sensory axons are susceptible to the repulsive actions of soluble Sema3A, which mediates growth cone collapse in vitro [32, 33] . Furthermore, Sema3A can induce dorsal root ganglia neuron death in vitro, while plexinA3 knockout mice show reduced levels of sensory neuron apoptosis during development [34, 35] . In vivo, ascending dorsal column sensory axons that have been conditioned to regenerate in the injured CNS by peripheral nerve injury are unable to bridge regions of Sema3A expression ( Fig. 1 ) [36] . Sema3A also co-localizes with cell surface CSPGs on cortical neurons, increasing the likelihood of Sema3A-neuropilin-1 interaction and axon repulsion [37] [38] [39] . This interaction can be augmented by the addition of glycosaminoglycans, which decreases neurite outgrowth and increases growth cone collapse [37, 38] . Conversely, digestion of the chondroitin sulfate side chains with chondroitinase ABC releases bound biologically active Sema3A, perhaps illuminating a mechanism contributing to the growth-promoting effects of chondroitinase ABC treatment [28, [37] [38] [39] .
Two small molecules, SM-216289 and SM-345431, have been generated that inhibit Sema3A binding to neuropilin-1 and block growth cone collapse in vitro [40, 41] . In rodent models of full thoracic spinal cord transection, SM-216289 and SM-345431 promote axonal regeneration into the scar, including regeneration of serotonergic raphaespinal axons [41, 42] . Although there is no clear anatomical evidence that serotonergic axons effectively bridge the lesion site and extend into the caudal stump [41, 42] , infusion of the serotonin neurotoxin 5,7-dihydroxytryptamine moderately impairs the SM-216289-mediated recovery of slight hindlimb joint movement [42] . Genetic deletion of both signal transducing plexinA3 and plexinA4 fails to augment serotonergic axon regeneration [43] . Nevertheless, despite expression of receptors for class 3 semaphorins on intact and injured corticospinal neurons [26] , neither small molecule inhibition nor genetic deletion of plexins (A3 and A4) resulted in any demonstrable regeneration of the corticospinal tract, suggesting that other factors may limit corticospinal axon plasticity after injury [41] [42] [43] .
As described above, inhibition of class 3 semaphorin is associated with slight improvement in locomotor function following complete transection; however, it is unclear whether these effects are due to axon specific signaling and plasticity, axonindependent effects, or some combination thereof [41, 42] . As it does during development, semaphorin signaling may induce neuronal apoptosis after injury, either independent of, or downstream of axonal signaling. In a mouse model of amyotrophic lateral sclerosis, Sema3A is specifically upregulated in terminal Schwann cells at fast-fatigable (subtype IIb/x) neuromuscular junctions, synapses that are susceptible to early loss in the motor neuron disease [44] . The expression pattern of Sema3A may indicate a role in the loss of neuromuscular synapses in amyotrophic lateral sclerosis, an early event in the pathology of the disease, preceding motor neuron loss [45, 46] .
In addition to semaphorin signaling in neurons, class 3 semaphorins also exert significant effects on the immune response to injury, remyelination, and revascularization; all potential targets of activity for the small molecule inhibitors described above [12, 41] . Additionally, the small molecule inhibitors of Sema3A have potentially significant off-target effects on ephrins, matrix metalloproteases, and growth factor signaling cascades [41, 42] . Further work will be required to determine whether the functional recovery that follows class 3 semaphorin inhibition is due to circuit remodeling, effects on other aspects of the injury response, or unanticipated off-target effects. [47] . Eph receptors are also split into A and B subclasses that generally exhibit binding to the A and B ephrins, respectively [47] . EphA4, a receptor expressed in corticospinal motor axons during development, can bind both A and B subclasses [47, 48] . Ephrins largely mediate repulsion via signaling through Eph receptor kinase function (forward signaling). Alternatively, repulsion can be mediated via reverse signaling with Eph acting as a ligand to signal through the cytoplasmic tail of an ephrin B or through an ephrin A interaction with a transmembrane protein [49] [50] [51] [52] . During development, forward EphA4 signaling prevents midline crossing of ascending primary sensory axons and aberrant re-crossing of corticospinal axons in response to midline ephrinB3 (Fig. 2) [48, [53] [54] [55] . After corticospinal development at postnatal day 9, unilateral motor cortex ablation leads to increased midline crossing of intact corticospinal axons in the spinal cord through the ventral midline, which lacks ephrinB3 expression [56] . This endogenous plasticity allows for limited recovery of motor function and decreases with age as ephrinB3 expression increases throughout the spinal cord [56] .
Ephrins
EphA4 is expressed in adult corticospinal motor neurons and accumulates in injured axon tips [56, 57] . Knocking out EphA4 has been proposed to promote axon regeneration in a unilateral hemisection model; however, the potential effect of spared axons in that study cannot be discounted [58] . Local sprouting of corticospinal axons appears to occur following infusion of an EphA4 blocking peptide that results in reduced retraction of corticospinal axons from the injury site (Fig. 2) [59]. Perhaps unexpectedly, EphA4 knockdown via intrathecal infusion of an antisense oligodeoxynucleotide increased mechanical allodynia after thoracic contusion injury, though the role of aberrant axonal plasticity in this process was not thoroughly explored [60] .
Similar to the effects of blocking EphA4 signaling, ephrinB3 knockout or ephrinB2 conditional knockout in glial fibrillary acid protein immunoreactive astrocytes, results in reduced corticospinal retraction and greater axon sprouting (Fig. 2) [61, 62] . EphrinB3 is expressed in oligodendrocytes of the adult spinal cord [63] , while ephrinB2 increases in astrocytes following SCI [11, 57] . Increased recovery of plantar stepping was observed in these studies; however, the developmental effects of ephrinB3 knockout on intraspinal circuitry and gait [53, 54] , as well as the potential for contralateral sprouting of intact corticospinal axons after unilateral injury in ephrinB2 conditional knockout mice, may be a confound to interpretation of functional recovery data.
Ephrin signaling may play a role in scar formation following SCI. The astroglial matrix of the scar is reduced in glial fibrillary acid protein-specific ephrinB2 conditional knockout mice, though not in EphA4 knockout mice [61, 64, 65] . EphrinB2 in astrocytes can mediate a bidirectional signal with EphB2 expression in meningeal fibroblasts, shaping the structure of the glial scar [11] . The mechanism for axon inhibition through ephrin signaling is not entirely clear as reverse signaling has been proposed to limit cortical neurite outgrowth in vitro through astrocyte expressed EphA4 [58] . It remains to be seen whether limiting ephrin-mediated repulsive cues results in circuit remodeling as a mechanism to support functional recovery from SCI.
Wnts
Members of the Wnt glycoprotein family are of particular interest in the study of SCI, owing, in part, to their important role in regulating developmental axon growth along the longitudinal axis of the spinal cord [66] . There are 19 mammalian Wnts with 14 identified receptors, including 10 Frizzled Gprotein coupled receptors and the repulsive related to receptor tyrosine kinase (Ryk) [67] . During development, decreasing gradients of Wnt expression along the rostrocaudal axis mediate the guidance of ascending and descending fiber tracts [68, 69] . Embryonically, Wnt4 expression in the floor plate attracts postcrossing commissural sensory axons through the Frizzled3 receptor and planar cell polarity signaling pathway [69, 70] . Perinatally, gradients of Wnt1 and Wnt5a in the dorsal spinal cord drive the caudal growth of corticospinal motor axons through the repulsive Wnt receptor Ryk [68] .
The role of the atypical receptor tyrosine kinase Ryk in mediating axon guidance was first discovered in the Drosophila embryo [71] . In flies lacking the Drosophila Ryk homologue, Derailed, neurons that normally extend axons through the anterior commissure show aberrant axonal projections through the posterior commissure, a region of Wnt5a expression [71, 72] . Conversely, Derailed misexpression in posterior commissure projecting neurons is sufficient to induce repulsion from the posterior commissure [71] . In the mouse, Wnt1 and Wnt5a expression was discovered in the neonatal dorsal spinal cord, in a rostral (high) to caudal (low) gradient [68] . Concurrent with dorsal Wnt gradients, axons of the developing corticospinal tract express Ryk [68] . Attenuation of Wnt-Ryk signaling by polyclonal antibody results in the absence of axon repulsion in cortical explant models in vitro and a stalling of corticospinal axons in vivo [68] .
Following development, Wnt family members are either not expressed or are expressed at levels below the threshold for detection in the adult spinal cord. SCI, through either transection or contusion, results in the expression of numerous Wnts surrounding the injury site [73] [74] [75] . Wnt expression surrounding the injury site limits axonal plasticity and regeneration of long-distance projections within the dorsal columns [75, 76] . Additionally, there is evidence that Wnt receptors are expressed locally in neural and non-neuronal cells within the injured spinal cord; however, the role of Wnt signaling on these cells has not yet been defined [77, 78] .
Primary sensory neurons within the dorsal root ganglia occupy a unique regenerative niche as they extend axons within both the regeneration-permissive PNS and within the dorsal column of the spinal cord in the nonpermissive CNS. Accordingly, neurons of the dorsal root ganglia are capable of peripheral but not central regeneration. However, the growth program that arises following peripheral nerve injury enables regeneration centrally after a subsequent SCI, in a process known as peripheral conditioning [79] . This peripheral conditioning effect has been proposed to be a parallel of the developmental state [80] , and indeed results in the reinduction of Ryk expression in mechanoreceptive dorsal root ganglia neurons [76, 81, 82] . While peripheral conditioning allows for regeneration of mechanoreceptive sensory axons after SCI, Ryk expression in these axons sensitizes them to Wnt expression at the spinal cord lesion and limits the amount of induced axon regeneration and plasticity [76] . If Wnt expression is artificially increased after SCI, peripherally conditioned sensory axons are severely repelled and can retract up to several millimeters [76] .
Inhibition of Wnt signaling after SCI by cell grafts secreting either of 2 distinct classes of Wnt inhibitor, Wnt inhibitory factor 1 or secreted Frizzled-related peptide 2, enhances regeneration and axon plasticity of ascending dorsal column sensory axons after peripheral conditioning [76] . In a partial injury model at the high cervical level, molecular inhibition of Wnt signaling with secreted Frizzled-related peptide 2 promotes plasticity of the axonal terminals with regeneration into grafted growth-permissive cellular grafts, as well as enhanced synaptic connectivity with spared sensory circuitry in the dorsal column, proximal to the injury site (Fig. 3) [83] . This de
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Injury induced Wnt expression secreting the diffusible Wnt inhibitor SFRP2 (cyan) result in both increased levels of axon regeneration into the grafts (dark blue), as well as increased levels of circuit plasticity proximal to the graft. Synaptic remodeling on spared, nucleus gracilis neurons caudal to the level of injury is sufficient to promote functional recovery novo circuit is sufficient for recovery of function on tasks requiring hindlimb proprioceptive input, and is dependent upon the original ascending fibers as transient silencing or transection of the proprioceptive axons below the level of circuit remodeling ablates all functional recovery [83] . In this way, remodeling of the injured sensory circuitry is able to support the recovery of proprioceptive function through a fraction of the remaining original circuitry.
Wnt inhibitor grafts Axon plasticity

Main body Nucleus gracilis
Dorsal column
Of the descending motor pathways within the spinal cord, the corticospinal tract is the primary motor circuit for voluntary movement in primates and skilled forelimb movements in rodents [84] . The corticospinal tract has proven reticent to nearly all experimental attempts to promote long-distance regeneration, though it has been shown to be capable of spontaneous short-range sprouting [85, 86] . However, this sprouting is limited by the re-induction of Ryk expression within the lesioned corticospinal axons [75, 87] . During development, Ryk expressing corticospinal axons encounter a decreasing gradient of Wnts that propels them caudally; meanwhile, injured corticospinal axons face an abrupt barrier of expressed Wnts surrounding the injury site (Fig. 3) [68, 75] . Blocking of Wnt-Ryk signaling attenuates corticospinal axon retraction from the injury site and allows for greater sprouting of axon collaterals throughout the gray matter [75] . The functional benefit of blocking Wnt-Ryk signaling in corticospinal axons after injury has not yet been demonstrated, though if the enhanced collateralization results in greater connectivity as in the sensory system, it would be expected to enhance the recovery of skilled forelimb usage after SCI.
Conclusions
The promise of modulating developmental pathways to mediate long-distance regeneration and a reconstitution of injured supraspinal circuitry has yet to be fully realized. In large part this is due to the current limitations in our knowledge of how axon guidance molecules are affecting individual circuits after SCI and the intrinsic potential of the affected axons to respond appropriately to proregenerative cues. As the effects of guidance molecules after injury so far described are largely inhibiting regeneration, manipulations must be made to block the repulsive activity, switch the response to attraction, or harness the repulsive activity to mediate developmentally appropriate guidance through fasciculation, exclusion, and repulsive propulsion. In addition to direct effects of these powerful molecular cues on neurons, the complexity of the injury response dictates that guidance molecule effects on glia, immune cells, and meningeal fibroblasts must also be considered in attempts to repair damaged spinal cord circuits.
Beyond axon guidance, guidance molecules play other important roles in the development and maintenance of the nervous system, including neurogenesis, polarization, migration, dendrite development, and synapse formation [7, 88, 89] . The guidance molecules reviewed here, ephrins, semaphorins, and Wnts, modulate aspects of synapse formation and stabilization [6-8, 90, 91] , critical for circuit remodeling after injury. Recent studies suggest that manipulation of these developmental pathways can induce changes in local connectivity and generate de novo circuits within the injured spinal cord.
While reconstitution of the original circuitry after SCI is an admirable goal, it will require a greater understanding of the spatial and sequential execution of developmental pathways, as well as the complex injury response of individual neural circuits, glia, and mesoderm-derived cells. As animal studies have demonstrated the functional benefits of de novo circuit generation on behavioral recovery from SCI [83, 86, 92, 93] , increasing plasticity in zones of partial preservation could yield immediate therapeutic benefits. For example, peripheral nerve transfers allow recovery of arm and hand function in tetraplegic patients through the appropriation of motor units rostral to the injury site [94, 95] . These proximal motor units, and possibly distal-projecting propriospinal interneurons, constitute legitimate target populations for local corticospinal axon plasticity. Work in both rodent and primate models of SCI indicate that spontaneous local plasticity of the corticospinal motor tract can occur [85, 86, 96] . Additionally, the zone of partial preservation proximal to the injury site is one key neural substrate driving the limited spontaneous recovery that can occur in roughly 40 % of patients after SCI [97] . An understanding of how to enhance local axon plasticity proximal to the injury site and generate appropriate circuit remodeling after injury may prove critical in the recovery from SCI.
